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Abstract 
 
Detailed investigation of the morphology of the pore space in clay is a key factor in 
understanding the sealing capacity, coupled flows, capillary processes and associated 
deformation present in mudstones. Actually, the combination of ion milling tools (FIB and BIB), 
cryogenic techniques and SEM imaging offers a new alternative to study in-situ elusive 
microstructures in wet geomaterials and has the high potential to make a step change in our 
understanding of how fluids occur in pore space. By using this range of techniques, it is possible 
to quantify porosity, stabilize in-situ fluids in pore space, preserve the natural structures at nm-
scale, produce high quality polished cross-sections for high resolution SEM imaging and 
reconstruct accurately microstructure networks in 3D by serial cross sectioning. 
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1 General context 
 
Disposal of radioactive waste in a geological repository involves the reliance on the geological 
and hydrogeological environment to provide long-term confinement and isolation of the waste. 
The host rock, in particular, should delay and attenuate the release of radionuclides once the 
engineered barrier system has started to fail and the containment of the waste is no longer 
guaranteed. At that moment, the host rock is the main barrier against radionuclide migration.  
 
In Belgium, the Boom Clay underneath the Mol-Dessel nuclear site is considered as a reference 
host formation and site for research related to the geological disposal of radioactive waste.  
 
In preparation of the Safety and Feasibility Case 1 (SFC1), arguments and evidences should be 
put together to show that the geological disposal of high level waste (HLW) and spent fuel (SF) 
in argillaceous formations – such as Boom Clay – is safe and feasible, and the significance of 
remaining uncertainties and open questions should be discussed. One of the safety functions that 
has to be fulfilled is related to the delay and attenuation of the releases of radionuclides and other 
contaminants. This is mainly determined by the favourable host rock properties, amongst which 
the high sorption capacity of the clay host rock, and the limited water flow through the system 
(diffusion-controlled transport). These are largely determined by the microstructure of the clay 
host rock. 
 
In order to investigate the microstructure and pore space distribution of fine grained sediments 
such as the Boom Clay, many different techniques are often used (metal injection porosimetry; 
magnetic susceptibility measurement; SEM; TEM; neutron scattering; NMR spectroscopy, CT 
scanner; ESEM…). However, the pore space characterization has been mostly indirect until now. 
This report presents some first results on the microstructure and porosity of Boom Clay using 
cryo-SEM at cryogenic temperature, with ion beam cross-sectioning to prepare smooth, damage 
free surfaces.  
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2 Introduction 
 
In fluid-filled porous geomaterials, fluid-rock interactions have important effects on their 
physical and chemical properties. Though the bulk expressions of these properties are relatively 
well known for a number of materials, the relation between nanostructures and macro-properties 
are poorly understood for a complete understanding of the fluid-rock interactions. Because the 
porosity is intimately linked to coupled flows, capillary processes, permeability and associated 
deformation, a key factor to understanding these processes is a detailed understanding of the 
morphology of the pore space. 
 
The characterization of porosity is especially relevant for mudrocks and clay-rich fault gouges 
since they are important mechanical elements in the Earth’s crust and form seals for crustal 
fluids such as groundwater and hydrocarbons. Other fields of interest are the storage of 
anthropogenic carbon dioxide and radioactive waste in geologic formations.  
 
Classic studies of porosity in fine grained materials are performed on dried or freeze dried 
samples and include metal injection methods (Hildenbrandt and Urai, 2003), magnetic 
susceptibility measurement (Esteban et al., 2006), SEM (Hildenbrandt et al., 2005) and TEM 
imaging (Henning and Störr, 1986); but also neutron scattering (Knudsen et al., 2003), nuclear 
magnetic resonance (NMR) spectroscopy (Sozzani et al., 2006), and environmental SEM 
(ESEM, Montes et al., 2005). Confocal microscopy (Fredrich et al., 1995) and X-ray tomography 
(Zabler et al., 2008) are used to image porosity in coarse grained sediments but the resolution of 
these techniques is not sufficient at present for applications to mudrocks or clay-rich fault 
gouges.  
 
Porosity and permeability are two fundamental parameters to characterize both chemical and 
physical properties in clays and mudstones, and essential for problematics dealing with storage 
of anthropogenic carbon dioxide and radioactive waste. The key point to relate porosity and 
permeability is pore morphologies and associated pores connectivity (Figure 1). Therefore, the 
lack of direct observation, characterization and quantification of in-situ porosity at pore scale 
make interpretations of data from conventional methods difficult. In addition, some methods 
require dried samples in which the natural structure of pores may have been damaged to some 
extent due to desiccation and dehydration of the clay minerals. 
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Figure 1: Schematic representation of our motivation. The lack of in-situ and direct observation of pore 
morphologies at pore scale does not allow correlating fundamental parameters of porosity and permeability. The 
recent developments of ion milling tools to produce extremely well polished surfaces and cryo-SEM approach to 
preserve wet clay nanostructures are opening a new field of investigation allowing fine characterization and 
quantification of undisturbed porosity from mm down to few nm scale. 
 
 
To investigate directly the macro-porosity (from mm to about ten nm in pore size) in clays and 
mudstones, SEM imaging is certainly the most direct approach but, on the one hand, it is limited 
by the poor quality of the investigated surfaces (mainly broken or mechanically polished surfaces 
including the decoration of porosity by colored resin embedment), which make observation 
difficult, and the interpretation of the microstructures complicated; and on the other hand, most 
of the conventional methods require dried samples in which the natural structure of pores could 
be damaged due to the desiccation and dehydration of the clay minerals. The recent development 
of ion milling tools (Broad Ion Beam, BIB and Focused Ion Beam, FIB; Desbois et al., 2009; 
Matthijs de Winter et al., 2009) and cryo-SEM (Desbois et al., 2009; Holzer et al., 2009; Desbois 
et al., 2008; Holzer et al., 2007) allows respectively producing exceptional high quality polished 
cross-sections suitable for high resolution porosity SEM imaging at nm-scale and investigating 
samples under wet conditions by cryogenic stabilization. 
 
We report on a study of Boom Clay from the Mol site (Belgium) using cryo-SEM at cryogenic 
temperature, with ion beam cross sectioning to prepare smooth, damage free surfaces. Pores 
commonly have crack-like tips, preferred orientation parallel to bedding and power law size 
distribution. We define a number of pore types depending on shape and location in the 
microstructure. 3-D reconstruction by serial cross sectioning shows 3-D connectivity of the pore 
space. These findings offer a new insight into the morphology of pores and quantification of 
porosity down to nano-scale and provide the basis for microstructure-based models of transport 
in clays. 
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3 Samples and methods 
 
Boom Clay samples were taken from a cored borehole, drilled vertically upward from the 
HADES Underground Research Facility, which is located at 225 m below the surface at the Mol 
site, Belgium. The reference of the sample is: ―Boom Clay / Mol site / HADES borehole 2003-9 
/ connecting gallery / Ring 13U / 5.82m to 5.975m above the Hades URF (intrados)‖. The clay 
cores provided undisturbed Boom Clay samples and were sealed in aluminum-sealed poly-
ethylene bags directly after the sampling to preserve the samples against dehydration and 
oxidation. A comprehensive summary of physical and chemical properties of Boom Clay is 
given in Boisson (2005). 
 
SEM imaging of pore space at high resolution in geosciences is on rapid development since ion 
beam milling tools have been demonstrated as a powerful technique to prepare smooth, damage 
free cross-sectioned surfaces at the state-of-the-art SEM resolution (Desbois et al., 2009; Holzer 
et al., 2009; Matthijs de Winter et al., 2009; Desbois et al., 2008; Holzer et al., 2007). Two main 
types of ion source are available: (1) a broad ion beam (BIB, up to few mA, Argon source) is 
suitable to produce large polished cross-sections area of few mm
2
 (Figure 2.a), while the focused 
ion beam (FIB, 1pA - >50nA; Gallium source) is better used for fine and precise polished cross-
sections areas of about few m2 (Figure 2.b). Because BIB is not focused, a shielding plate is 
placed on the top surface of the sample in order to create flat cross-section (Figure 1.a). Up to 
now, on the market, BIB cross sectioners are usually available as stand-alone machines able to 
produce single polished cross-section; while FIB cutters are now mainly integrated in SEM 
offering the possibility to perform serial cross sectioning suitable for 3D microstructures 
reconstruction (Figure 9; Desbois et al., 2009; Holzer et al., 2009; Matthijs de Winter et al., 
2009; Desbois et al., 2008; Holzer et al., 2007). However, the big advantage of BIB is that it is 
able to produce larger polished surfaces. This feature is of relevant interest for geosciences since 
it fits better to the typical size-range of microstructures and representative elementary area of 
geomaterials (Desbois et al., 2008). 
 
 
 
 
Figure 2: Principles of ion beam cross-sectioning methods used to produce high quality polished surface suitable 
for high-resolution SEM imaging. (a) The Broad Ion Beam (BIB) method uses Argon gas source: the ion beam 
(about 500 µm in diameter) irradiates the edge of sample un-masked by the shielding plate to guide the ion beam 
vertically to the top surface to create polished surface beneath the shielding plate. In background, a typical cross 
section performed by BIB on clay sample. (b) The Focused Ion Beam (FIB) method uses Gallium metal source. 
Because the beam is focused, shielding plate is not needed and the cross-section is produced by scanning the 
interesting region with ion beam. In background, a typical cross section performed by FIB on clay sample. By 
comparison with FIB, the polished area produced by BIB is larger of more than one order of magnitude for similar 
milling time. 
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In our experiments, we used a Zeiss FIB-cryo-SEM combination in NMI 
(Naturwissenschaftliches und Medizinisches Institut, Reutlingen, Germany) as described in 
Desbois et al. (2008), and a high resolution SEM and BIB at GFE (Gemeinschaftslabor für 
Elektronenmikroskopie, RWTH Aachen). Nitrogen was used to rapidly cool small samples 
(about 5 x 5 x 1 mm3) to stabilize by vitrification in-situ pore fluids. The FIB ion-milling tool 
located in the cryo-SEM chamber was used to prepare polished cross sections and serial cross 
sectioning, prior to high resolution imaging of porosity by cryo-SEM. For comparison we 
studied polished cross-sections (about 2mm2) from dried samples (at T = 105–110 °C) prepared 
using a stand-alone BIB machine (cross-section polisher JEOL SM-09010; we used 6 kV 
voltage, achieving currents of about 150-200 nA). Water content of our samples is 19–20 wt. % 
(i.e. water content porosity around 36 %), in good agreement with the value in Boisson (2005); 
hence shrinkage during drying was around 10 % in volume. 
 
 
 
4 Results and discussion 
4.1 In-situ fluids imaging and freeze-drying process 
 
Figure 3 shows FIB-polished cross sections of shock-frozen wet samples. There is no visible 
damage and vitrified fluids appear as black phases filling pores. Fluids are clearly visible in the 
largest pores located at the direct vicinity of non-clay minerals (Type III, see section 3.2). 
Imaging vitrified fluids in very small pores (i.e. those located in clay mineral aggregates; type II 
and III, see section 3.2) is problematic at the highest magnification since the energy of the beam 
sublimes the fluids before an image can be recorded.  
 
As far as we know, this is the first time that fluids were directly imaged in in-situ conditions in 
clays, offering new insights for the study of fluid- rock interaction (osmotic effect, ion exchange, 
pore alteration), especially if the BIB-FIB-cryo-SEM is coupled to chemical composition 
analysis tool (EDX, SIMS).  
 
Cryo-stabilization is a fundamental step to stabilize pore microstructures without damage and to 
image the pore fluid. However, the presence of fluid in pores is not required to study the 
morphology of porosity because an empty pore provides better SE contrast and a 3D view into 
the exposed pore. Hence, freeze-drying (Figure 4) is the solution to remove frozen fluid phases 
from pores without damage since sublimation of frozen fluid phases involved in this process not 
allows the formation of ice crystals, which could damage the pore microstructures by volume 
expanding. Freeze-drying is performed by heating the vitrified sample after FIB sectioning, in 
the SEM chamber and under vacuum (-130°C to -80°C during 20 min., at 8x10
-7
 mbar). 
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Figure 3: SEM micrograph (SE) of FIB cross-section in Boom clay performed under cryo-condition. The biggest 
pores are located around the non-clay minerals (Qtz = Quartz, Dol. = Dolomite., Felds. = Feldspar = K-feld) are 
clearly filled with in-situ frozen-fluid.  
 
 
Figure 4: Detail from figure 3. (a) before sublimation pore is clearly filled with frozen-fluid. (b) After sublimation, 
frozen-fluid was removed without visible damages of microstructures. Non-water phases were distilled during 
sublimation and remains as filaments. 
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4.2 Pore morphologies 
 
Figure 5 shows SE images of a dry sample sectioned by BIB, perpendicular to the bedding. 
Drying and shrinkage reduce porosity, but we found no indication of changes in pore 
morphology by drying. As suggested in Figure 3, the largest pores are located around clast grains 
while the smallest are preferentially located between clay particles. SE imaging (Figure 5) 
provides information on the morphology of the jagged pore walls and pore interiors. As far as 
can be seen in these sections, small pores are isolated while large pores show the pore throats 
connecting to neighboring pores. Pores commonly have sharp, crack-like tips. We distinguished 
3 main types of pore morphology: (1) Type I – elongated pores between similarly oriented clay 
sheets, (2) Type II – crescent-shaped pores in saddle reefs of folded sheet of clay and (3) Type III 
– large jagged pores surrounding clast grains. Type III pores are typically >1um; Type II 
between 1000 nm – 100nm and Type I <100 nm, in agreement with the microstructural model of 
mudstones proposed by Hildenbrandt et al. (2005).  
 
 
 
 
 
Figure 5: SEM micrographs (SE) from BIB polished cross-sections performed on dried Boom clay. (a), (b) and (c) The 
morphology of pores depends on clay particle arrangement and mineralogy. Type I – elongated pores between similarly oriented 
clay sheets, Type II – crescent-shaped pores in saddle reefs of folded sheet of clay and Type III – large jagged pores 
surrounding clast grains. (d) A pore at high magnification provides information on the morphology of the jagged pore walls and 
pore interiors and suggests the complex interconnectivity of pore space. 
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Samples prepared parallel to the bedding exhibit clearly different fabric than samples prepared 
perpendicular to the bedding (Figure 6). Porosity fabrics seem to be highly anisotropic with 
pores preferentially oriented parallel to the bedding. In figure 6, interconnectivity of pores is not 
obvious and corroborates complex connectivity as suggested in figure 5.d when looking trough 
pore interior. However, investigation of pore space in cross sections prepared parallel to the 
bedding remains ambiguous since cross sections are not senso stricto parallel to the clay sheets. 
 
The high slaking tendency of argillaceous rocks increases with the content in smectite content 
and with the presence of soluble minerals (Sadisun et al., 2005). We propose that the flat, crack-
like pore morphology will induce high capillary forces in these pore-tips if a dry sample is re-
wetted, resulting in mechanical damage and destruction of the fabric by successive drying and 
wetting. 
 
 
Figure 6: Comparison of porosity fabric between cross sections prepared perpendicular to the bedding (a) and 
parallel to the bedding (b). Micrographs are performed using BSE and SE detectors. Porosity fabrics seem to be 
highly anisotropic with pores preferentially oriented parallel to the bedding.  
 
 
4.3 Quantification of porosity 
 
BIB (Figure 7) and FIB- polished cross sections cut perpendicular to the bedding allow the 
distribution, orientation and shape of pores to be determined by imagery. BIB was used to 
prepare surface on dry samples whereas FIB was used on originally wet samples later freeze-
dried. Noise was reduced and the images were threshold using Photoshop 8.0 followed by 
analysis using the ImageJ 1.38x— software (Abramoff et al., 2004). Objects less than 6 pixels in 
area (pixel dimension is 12.5 nm) were interpreted as noise and not included in the analysis.  
 
Results obtained for dry and wet samples are summarized in Figure 8 for a population of 1730 
and 2320 pores respectively. For both, the distribution of pores is unimodal (Figure 8.a), 87 % of 
the pores have an equivalent radius less than 100 nm and the total porosity is 26.3% in dry 
samples while it is 20.4 % in wet samples. Pores with a radius less than 100 nm comprise 40 % 
of the total porosity. The shape of the pores is mainly elongated (the average of form factor is 
0.59, figure 8.d) and orientation is close to the bedding (Figure 8.b). The porosity resolved in our 
images can be fitted by a power law (Log(Ni)=-D*Log(ri); where Ni is the number of pores with 
the characteristic disk equivalent radius ri and D the fractal dimension) for pore sizes between 
rmin = 30 nm and rmax = 125 nm (Figure 8.c). This suggests fractal scaling of the pore space in 
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Boom Clay. The power law exponent (i.e. fractal dimension D) is around 1.85, both for dry and 
wet samples. Figure 8.e shows a model of effective porosity in our samples as a function of the 
bound-water layer thickness, using the segmented image from Figure 7.c. We can see that 
increasing the thickness of the boundwater layer decreases the effective porosity as a semi-linear 
function, suggesting that with increasing bound-water layer thickness pores usually do not 
segment into smaller ones. 
 
 
Figure 7: SEM micrographs of the same area from BIB cross-section on dried Boom-clay, perpendicular to the 
bedding. (a) BSE micrograph allowing relative identification of minerals phases by density contrast. (b) SE 
micrograph showing the 2D pore space. (c) Segmented porosity from (b) used for quantification of porosity. In all 
images, the bedding is vertical. 
 
 
Fractals concept is also applied to describe the distribution of 2-D apparent pore cross sections. 
A fractal set is defined by the following power-law equation (Pfeifer and Obert, 1989): 
D
i
rC
i
N   (or alternatively 

Log N
i  DLog ri  Log C , Eq.1) where Ni is the number of pores 
with the characteristic linear dimension ri (i.e., here, the disk equivalent radius), and C is a 
constant of proportionality. According the Eq. 1, the fractal dimension was obtained as the slope 
of the Log-Log plot of measured Ni as a function of ri.   The porosity resolved in our images can 
be fitted by power law with similar D exponent (D≈1.85) both in dried and wet samples. 
Therefore, in regards to results from figure 8.c, this suggests that the shrinkage affects the 
volume of pores but not their size distribution. The calculated fractal dimension (D≈1.85) is only 
valid in the range between 30 nm and 125 nm: at short-length extremes, the data are limited by 
the microscope resolution and the picture’s noise; at long-length extremes, the data are limited 
by the fact that the investigated area is not endlessly. Porosity in geological media (Rieu and 
Sposito, 1991; Daccord and Lenormand, 1987; Krohn and Thomson, 1986) has been shown to be 
similarly power-law distributed. This paper is the first evidence that porosity in a clay material 
has a fractal distribution, and demonstrates the usefulness of our BIB/FIB-cryo-SEM technique 
for macro-porosity investigation in such rocks. 
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Our SEM - measured porosity (20.4 % in freeze dried samples, 26.3 % in dried samples) agrees 
quite well with the porosity based on mercury porosimetry data (24 - 27% in dried samples) for 
similar Boom Clay samples though our measurement based on cryo-SEM experiment tends to 
give a lower porosity value. However, our SEM-measured porosity is much lower than the water 
content porosity (36%; Boisson, 2005). Several reasons explain this discrepancy. First, the 
resolution of the SEM is about 10 nm although, in clays, pores as small as 0.5 nm do exist as 
shown by other methods including mainly TEM (Henning and Störr, 1986). Extrapolation of the 
power law pore size distribution to values below the limit of resolution suggests that e.g. a 
sample with 20 % resolved porosity has 2 % porosity not resolved by this method. In addition, 
the tips of crack-shaped pores and the films of clay-bound water at grain boundaries and inside 
smectite grains are also not resolved fully; accounting for this gives another 8 %. Thus, although 
our approach is suitable for investigation of meso-porosity only, by making reasonable 
assumptions we can estimate the full porosity. However, for our freeze-dried sample this is still 
much lower than the water content porosity (36%). In the dried sample, after correction for the 
unresolved pores and keeping in mind the possible artifacts produced by mercury injection such 
as pore collapse (Hildenbrand and Urai, 2003; Maijing et al., 1995) the porosity is in reasonable 
agreement with the water-content-porosity. We interpret this discrepancy to be due to the size of 
the analyzed samples. Mercury injection and water content measurement are typically performed 
on cm
3
 samples and the areas analyzed here are on the order of 10 µm
2
. The size of a 
representative elementary volume for porosity in Boom Clay is still to be determined, but future 
representative measurements will require study of larger sections.  
 
 
Figure 8: Quantification of porosity from ion beam polished cross section. (a) Pore size distribution in dry and wet 
samples. The pore size distribution is unimodal. (b) Orientation of pores compared with the orientation of the 
bedding. (c) Log-Log pore distribution curve for dry and wet samples. The porosity resolved in our images can be 
fitted by a power law corresponding to a fractal dimension of D≈1.85 for 30<r(nm)<125. (d) Form-factor 
distribution. (e) Model of evolution of the porosity as a function of bound-water layer thickness. N is the number of 
pores. 
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It is well known that water content porosity in clays does not reflect the effective porosity (i.e. 
the porosity accessible to free-water) because thin layers of clay-bound water cover the pore-
walls (Saarenketo, 1998). Following Nakashima and Mitsouri (2005), and Saarenketo (1998), 
typical bound water is 2–6 nm thick. Thus, based on our estimation (Figure 8.e), we estimated 
that the effective porosity represents between 90 and 70% of the porosity imaged in this 
contribution. 
4.4 Interconnectivity of pore space 
 
SEM imaging on large (800 x 260 µm
2
) BIB polished cross-sections on dried Boom Clay 
samples (cut perpendicular to bedding, figure 6 and 7) shows a strong anisotropy of the pore 
shapes, the pore network being mainly connected parallel to the bedding. In order to study the 
undisturbed wet pore space in 3-D, a serial cross-sectioning procedure was performed using the 
FIB-cryo-SEM. Resulting slices are 500 nm thick. Figure 9 shows the reconstruction of the 
porosity in depth (over 7 µm) around quartz grains at two different location. It confirms the 
strong connectivity anisotropy observed in dried samples and gives direct evidence that the 
largest pores surrounding the quartz grains form a connected ―backbone‖ of 100 nm to several 
microns thick mainly oriented parallel to the bedding. Interconnectivity is difficult to analyze for 
the smallest pores because of aliasing (the current distance between slices is 500 nm, but this can 
be reduced to less than 20 nm, Holzer et al., 2009).  
 
The calculated fractal dimension (D≈1.85) is close to the fractal dimension of the Sierpinsky’s 
carpet (D = 1.89). In [12],  it is suggested that soils may be modeled by the Menger’s sponge (D 
= 2.73), which is the 3-D version of the Sierpinsky’s carpet. Unfortunately, the observation of 
the strong anisotropy of the pore distribution and the interconnectivity (Figure 9) does not 
corroborate this simple suggestion for Boom Clay. 
 
The reduction of the slice thickness (down to 20 nm) will produce high-resolution models of 
pore space with the possibility to model fluid flow and microstructure-based models of transport 
in clays (Bons et al., 2008; Friedrich and Lindquist, 1997). This will provide a unique 
opportunity to model the flow through in-situ pore network, study the in-situ effective 
interconnectivity and verify the viability of our proposed clay fractal model. 
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Figure 9: 3D reconstruction of pore space investigated by FIB serial cross-sections performed under cryo-
condition in the neighborhood of quartz grains. The process includes three steps: I. Serial cross sectioning, II. 
Segmentation of porosity from SEM images, III. 3D reconstruction of pore space by adequate tomography software. 
We performed two 3D reconstruction at different location. FIB cross sections were performed perpendicular to the 
bedding and the slice thickness is 500 nm. (a) SE micrograph showing regions of interest where 3D reconstructions 
were performed. (b) and (c) Details of each 3D reconstruction completed. The porosity is mainly connected along 
the direction parallel to the bedding. 
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5 Conclusions and further developments 
 
Application of the BIB-FIB-cryo-SEM method to study the porosity in clay-rich materials is 
clearly relevant for waste disposal, hydrocarbon production, basin modeling, fault zone studies 
and others. It has the potential to open a new field of investigations, producing an atlas of 
accurate, 3-D pore models of mudstones. This method offers a powerful combination for direct 
and in-situ investigations of the elusive structures in clay materials at pore scale opening a new 
field of investigations to study relation between nanostructures and macro-properties which are 
poorly understood at present. As far as we know, this is the first time that fluids were directly 
imaged in in-situ conditions in clays, offering new insights for the study of fluid- rock interaction 
(osmotic effect, ion exchange, pore alteration), especially if the BIB-FIB-cryo-SEM is coupled to 
chemical composition analysis tool (EDX, SIMS). The reduction of the slice thickness (down to 
20 nm) for serial sectioning will produce high-resolution models of pore space with the 
possibility to model fluid flow and microstructure-based models of transport in clays. This will 
provide a unique opportunity to model the flow through in-situ pore network (Lattice Boltzmann 
method; Sholokhova and al., 2009), study the effective interconnectivity, investigate the natural 
fluid distribution and quantify investigated microstructures (Desbois et al., 2009; Holzer et al. 
2009 and 2007).  
 
The next generation of ion beam-cryo-SEM instrument (Holzer and Cantoni, 2010), especially 
designed for geomaterials, will probably include BIB source instead of FIB. The first BIB-cryo-
SEM machine is currently being installed at RWTH Aachen University in Germany (Deutsche 
Forschungsgemeinschaft – Project UR 64/9-2) and will be dedicated to micro imaging of elusive 
microstructures in wet geomaterials. 
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8 Appendices 
 
In the appendices, BSE and SE micrographs of some regions of interest are shown, as well as 
chemical analysis of Boom Clay by EDX mapping. 
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Appendix 1: BSE micrographs giving overview of mineral fabric. The cross section is prepared perpendicular to the 
bedding.  
 
  
23 
 
 
Appendix 2: BSE and SE micrographs of the same region of interest. The cross section is prepared perpendicular to 
the bedding.  
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Appendix 3: BSE and SE micrographs of the same region of interest. The cross section is prepared perpendicular to 
the bedding. 
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Appendix 4: BSE and SE micrographs of the same region of interest. The cross section is prepared perpendicular to 
the bedding. 
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Appendix 5: SE micrographs of porosity in clay matrix. The cross section is prepared perpendicular to the bedding. 
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Appendix 6: BSE and SE micrographs of the same region of interest: a pyrite-rich region. The cross section is 
prepared perpendicular to the bedding. 
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Appendix 7: BSE micrographs of two different regions of interest: feldspar-rich regions. The cross section is 
prepared perpendicular to the bedding. 
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Appendix 8: BSE and SE micrographs of the same region of interest. The cross section is prepared parallel to the 
bedding. 
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Appendix 9: BSE and SE micrographs of the same region of interest. The cross section is prepared parallel to the 
bedding. 
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Appendix 10: Chemical analysis of Boom clay by EDX mapping a relative large area of a cross section prepared 
perpendicular to the bedding. 
  
